A subcellular system actively replicating Kilham rat virus DNA in vitro was developed. Cellular lysates and isolated nuclei from infected cells showed an amplification of replicative forms in vitro. Solubilized replicative complexes, either partly purified or in the form of a crude extract, were able to synthesize replicative forms and single-stranded DNA. DNA polymerase c~ played a major role in Kilham rat virus DNA synthesis in vivo and in vitro. Furthermore, a factor present in the cytosol of infected cells increased the polymerizing activity of viral replicative complexes.
INTRODUCTION
Mammalian parvoviruses can be divided into two subgroups: the defective (helperdependent) adeno-associated viruses and the autonomous (helper-independent) parvoviruses (Berns & Hauswirth, 1978) . They possess a linear, predominantly single-stranded (ss)DNA genome with a molecular weight of 1.4 x 106 to 1.6 × 106, both ends being formed of stable palindromes (Bourguignon et al., 1976; Salzman, 1977; Berns & Hauswirth, 1978; Lavelle & Mitra, 1978; Astell et al., 1979) . Kilham rat virus (KRV) is a member of the autonomous subgroup. Replication of the viral DNA proceeds through linear double-stranded intermediates (Salzman & White, 1973; Gunther & May, 1976; Hayward et al., 1978; Tai Li et al., 1978) . Monomeric and dimeric replicative forms (m-RF and d-RF respectively) have been isolated from infected cells (Gunther & May, 1976; Hayward et al., 1978) . Another important feature in KRV DNA replication is its tight dependence upon cellular DNA synthesis functions (Tennant & Hand, 1970) . These properties make it an attractive model for DNA replication studies.
We describe here a fractionation procedure for KRV-infected cells and a study of DNA products synthesized in vitro with different subcellular fractions. Amplification of replicative forms was observed with cellular lysates and isolated nuclei. Use of nuclear extracts led to synthesis in vitro of KRV ssDNA in addition to replicative form amplification. DNA polymerase a was shown to be the major polymerizing activity in subcellular fractions and to be involved in viral DNA synthesis in vivo. Furthermore, we show that a factor present in the cytosol of KRVinfected cells, but not in that of uninfected cells, stimulated the DNA synthetic activity in vitro of KRV .replicative complexes.
(10 p.f.u./cell). Fifteen h post-infection and, unless otherwise specified, cultures were scraped off the dishes and centrifuged in a Heraeus minifuge (1500 r.p.m., 5 min, 2°C). The following operations were done in the cold. Morphological characteristics of subcellular fractionation steps were checked by phase-contrast microscopy. The cell pellet was suspended in 5 ml hypotonic buffer [10 mM-HEPES pH 7.8, 5 mM-KC1, 0.5 mM-MgCI2, 0.2 mMdithioerythritol (DTE) (Su & DePamphilis, 1978) ] containing 0.2 M-sucrose and the cells were centrifuged again. They were then resuspended in 5 ml hypotonic buffer and transferred to a Dounce homogenizer. The suspension was gently homogenized and the cells were allowed to swell for 10 min. They were subsequently disrupted by 20 to 30 strokes of pestle B. The cellular lysate, adjusted to 2 × 10 -4 M-phenylmethylsulphonyl fluoride (PMSF) was then centrifuged (4500 r.p.m., 5 min, 2°C) and the supernatant designated as the cytoplasmic extract was separated from the nuclear pellet. Nuclei were suspended in hypotonic buffer (1 ml per 5 × 107 cells) containing 0.2~ NP40 and 2 × 10 -4 M-PMSF. Nuclei were then homogenized and, after a 10 rain period in the cold, they were pelleted again. The supernatant was referred to as the nuclear extract. Finally, nuclei were resuspended in 1 ml hypotonic buffer and designated as isolated nuclei. Cellular lysate, cytoplasmic extract, nuclear extract and isolated nuclei were all tested for their ability to synthesize DNA in vitro.
Preparation ofcytosol. Freshly prepared cytoplasmic extracts from control or infected cells were ultracentrifuged (50000 r.p.m., 1 h, 2°C) in a Spinco 50 rotor and concentrated three-to fourfold by dialysis (for at least 3 h) against buffer A (50 mM-Tris-HC1 pH 7.4, 5 mM-KCI, 0-1 mM-EDTA, 1 mM-2-mercaptoethanol) containing 60~ glycerol.
In some experiments, ultracentrifuged cytosol was partially purified by ammonium sulphate precipitation of proteins. Thirty and 60~ saturated ammonium sulphate precipitates were sedimented, resuspended in buffer A and dialysed overnight against buffer A containing 20~ glycerol.
Conditions ofKR V DNA replication in vitro. Samples of subcellular fractions of KRV-infected cells were incubated in 150 ~tl of a mixture containing the following components (reaction mixture A): 50 mM-Tris HCI pH 8, 1 mM DTE, 100 mM-sodium acetate, 12.5 mM-MgC12, 1 mM-EGTA, 5 mM-ATP, 50 p_M each of dATP, dCTP and dGTP, and 10 ~tM-pH]dTTP (4000 c.p.m./pmol). Reaction mixture B contained 2 mM-ATP (instead of 5 mM) and 5 mMphosphoenolpyruvate plus 100 gg/ml pyruvate kinase. Reaction mixture C was the same as A except that [3H]-dTTP was at 2 ~tM (20000 c.p.m./pmol). At different times of incubation at 37 °C, 22 ~tl of the incubation mixture were spotted on Whatman GF/C glass fibre filters. The TCA-precipitable radioactivity of dried filters was then determined in an Intertechnique liquid scintillation spectrophotometer. Results were expressed as pmol dNMP incorporated per h per l07 cells. If DNA products of subcellular fraction assays were to be used for further analysis, incubation was done in the presence of 10 ~tM-[~-32p]dTTP (4000 c.p.m./pmol) as a radioactive precursor. The preparations were then adjusted to 1 ~ SDS in 50 mM-Tris-HC1 pH 8.3, 0.15 M-NaC1 and 15 mM-EDTA and hydrolysed for 1 h at 60 °C with 1 mg/ml proteinase K and 20 mM-2-mercaptoethanol. This was followed by extraction with phenol and precipitation with ethanol.
Purification of the nuclear extract. The nuclear extract (1-4 ml) was adjusted to 50 mM-sodium acetate and then layered on a two-cushion gradient of sucrose (20 and 40 ~) in hypotonic buffer containing 100 ~tg/ml bovine serum albumin and 50 mM-sodium acetate. After centrifugation at 50000 r.p.m, and 2 °C for 80 min in a Spinco SW50.1 rotor, fractions were collected and samples incubated in 100 p.1 of reaction mixture C for 30 min at 37 °C. Acidprecipitable radioactivity was then determined. Results were expressed as pmol dNMP incorporated per h per fraction corrected for 107 cells.
Agarose gel electrophoresis. Vertical slab gels were prepared from a 1 ~ solution of agarose made up in 40 mMTris-HCl pH 7.8, 20 mM-sodium acetate and 2 mM-EDTA. DNA samples were adjusted with 1/10 vol. of 4~o EDTA, 1 ~ SDS, 5~ bromophenol blue and 50~ glycerol, then electrophoresed at 5 to 8 V/cm for 3 to 4 h. DNA bands were located by ethidium bromide staining and the gels photographed under u.v. light. For autoradiography, gels were exposed to Kodak X-Omat films.
Determination of DNA polymerase c~, fl and y activities ( EC 2.7.7.7) . Exponentially growing Fr 3T3 cells were washed twice with ice-cold phosphate-buffered saline, then scraped off the dishes and collected by low-speed centrifugation (1500 r.p.m., 5 rain, 2 °C). Five vol. 20 mM-Tris-HC1 pH 7.4, containing 0.5 M-KC1, 2 mM-DTE and 0.5~ Triton X-100, were added to the cell pellet. Cells were then disrupted by sonication and extracts cleared by ultracentrifugation (50000 r.p.m, 1 h, 2 °C in a Spinco 50 rotor). DNA polymerase fl and y activities were measured directly on crude extracts. To avoid possible contamination by DNA polymerase fl in the DNA polymerase ~ assay, crude extracts were chromatographed successively on DEAE-cellulose and phosphocellulose (Bertazzoni et al., 1977) and fractions corresponding to DNA polymerase c~ activity pooled. DNA polyrnerase assays were performed according to Bertazzoni et al. (1977) .
Aphidicolin inhibition of DNA synthesis in vivo. Fourteen h after infection with KRV, Fr 3T3 cells were incubated for 1 h in a culture medium containing 5 ~tCi/ml [3H]thymidine and various concentrations of aphidicolin. The viral DNA was then extracted according to Hirt (1967) except that cellular lysates were hydrolysed with proteinase K, as described above, prior to sedimentation of cellular DNA. The acid-precipitable radioactivity of the Hirt supernatant was then measured. Uninfected cells were similarly labelled and the radioactivity incorporated into their DNA was determined after hydrolysis by perchloric acid.
IP : 1" Cytosol from KRV-infected cells was concentrated three times by dialysis (see Methods) and added to the reaction mixture in the proportion of one-third of the volume of subcellular fractions.
:~ Cytosol purified by ammonium sulphate precipitation: /st number, 30%; 2nd number, 60~ ammonium sulphate precipitates.
RESULTS

DNA synthesis in total lysates of infected and uninfected cells
At various times after infection with KRV, cells were collected and lysed as described in Methods. Before incubation in the reaction mixture A, Triton X-100 was added to the lysates. The DNA synthesis activity measured by incorporation of [3H]dTTP into acid-insoluble product was much higher in infected samples than in the control (Fig. 1) . Activities in different experiments, calculated from the initial rate of the kinetics, varied from 100 to 400 pmol dNMPs incorporated per h per 107 cells in infected lysates but never exceeded 20 pmol in the controls. These activities slightly increased from 12 h to 16 h post-infection. Their kinetics of incorporation were linear up to 20 rain, showing no decline for at least 1 h. In comparison, the DNA synthetic activity of the lysates prepared from cells collected at 18.5 h post-infection showed a dramatic decrease after a 10 min incubation period. This is possibly related to an increase of nuclease activities in the lysates late after infection. Such a nuclease degradation on parvovirus templates has previously been observed by Pritchard et al. (1981) and Muller & Siegl (1983a) . However, in our system, this occurred late during infection and was only observed in the presence of detergent. (Table 1) . Fractionation of cellular lysates usually resulted in a 30 to 50 ~ loss of activity. Nuclei preparations remained the most active, but appreciable activities were still found in cytoplasmic and nuclear extracts. Additional hypotonic treatments of nuclei did not improve the extraction yield.
Analysis of DNA synthesis in vitro in cellular lysates and isolated nuclei
The D N A content of the 15 h post-infection cellular lysate was analysed by agarose gel electrophoresis. The pattern of migration is shown in Fig. 2(a) . Four D N A species were revealed by ethidium bromide staining: the three forms of intracellular K R V D N A (ssDNA, m-RF and d-RF) and a band of high molecular weight cellular DNA. Similar profiles were obtained when cellular lysates were incubated in vitro, indicating that these D N A species were synthesized in vivo before cell harvest. The D N A products synthesized in vitro with the cellular lysate were detected by autoradiography (Fig. 2b) . Radioactive precursor was incorporated into m-RF and d-RF as a function of incubation time. Similar results were observed with isolated nuclei (not shown). The possibility that RF labelling might be due to a D N A repair mechanism was ruled out since cellular D N A , the major D N A species present in the lysate (Fig. 2a) , was very poorly labelled compared to viral D N A s (Fig. 2b) observed. Thirty to 60~ of the radioactivity was found to be associated with low molecular weight DNA, some of which could be of a single-stranded nature. We observed that 45 to 60~ (depending on experiments) of total radioactive label incorporated into DNA after 1 h incubation of infected cellular lysates was hydrolysed by S1 nuclease which is significantly higher than the 30 9/0 obtained with uninfected cell lysates in the same conditions. It is likely that at least a part of this ssDNA represents KRV sequences degraded during incubation.
Purification of the nuclear extract and analysis of DNA products
The nuclear extract was layered onto two cushions of 20 and 40~ sucrose. After centrifugation, fractions were collected and each was tested for its ability to polymerize dNTPs as described in Methods. Results are presented in Fig. 3 . A peak of activity corresponding to the material accumulated at the interface of the sucrose steps was observed. Twenty-two ~ of the activity layered on the gradient was recovered. When the same experiment was performed with an uninfected nuclear extract, no activity was observed. Fractions corresponding to the bar marked on Fig. 3 were pooled and incubated for 1 h in the reaction mixture B. The DNA was then purified and subjected to electrophoresis. The autoradiograph (Fig. 4b, lane 2) revealed that m-RF and d-RF were labelled in vitro as observed with the cellular lysate (Fig. 2) . In addition, a thin band of KRV ssDNA was detected. The crude nuclear extract incubated in the same conditions led to more ssDNA synthesis (Fig. 4b, lane 1) than the partially purified extract (lane 2).
Effects of DNA polymerase inhibitors on DNA synthesis in subcellular fractions
The influence of aphidicolin, ddTTP and N-ethylmaleimide was tested on the DNA synthetic activity of nuclear extracts and isolated nuclei. A 5 mM concentration of N-ethylmaleimide has no effect on the activity of DNA polymerase/~ but strongly inhibits DNA polymerases ~ and y (Weissbach, 1975) . It reduced the DNA synthetic activities of the nuclear extract and nuclei in a very similar manner, giving at least 90~ inhibition (not shown). The chain terminator ddTTP competes with dTTP and inhibits the activity of DNA polymerases/~ and 7 very efficiently (Krokan et al., 1979; Fig. 5 b) . Its lack of effect on activity in isolated nuclei was comparable to that observed with partially purified DNA polymerase ~ (Fig. 5 b) . The nuclear extract appeared to be slightly more sensitive to this inhibitor. At a ratio of d d T T P / d T T P of 1 : 1, the activity of the extract was reduced by 40~. In these conditions, the D N A polymerase ~ and nuclei activities were inhibited by less than 1 0~ and D N A polymerase fl and 7 activities by 80~. But at higher d d T T P / d T T P ratios, inhibition of nuclear extracts never exceeded 50~. Aphidicolin inhibits competitively the incorporation of dCTP (Pedrali-Noy & Spadari, 1980) . Of the three cellular D N A polymerases, ct-polymerase is specifically affected by this inhibitor (Huberman, 1981 ; Fig. 5a). Activities of nuclei and nuclear extract were significantly inactivated by aphidicolin although to a lesser extent than that of semi-purified D N A polymerase ~. The inhibitory effects of the three drugs on viral D N A synthesis in the nuclear extract and nuclei were comparable only to those observed for D N A polymerase ~ activity.
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Inhibition of KRV DNA synthesis in vivo by aphidicolin
The inhibition curve of [3H]thymidine uptake in KRV-infected cells with increasing quantities of aphidicolin is shown in Fig. 6 . A 9 0~ inhibition of K R V D N A synthesis was obtained for 1 h incubation with 15 ~tM-aphidicolin. This curve paralleled exactly that of cellular D N A synthesis inhibition (Fig. 6) , thus indicating that D N A polymerase c~ is the major activity involved in K R V D N A synthesis in vivo.
Cytosol complementation of the nuclear extract
The cytosol of KRV-infected cells stimulated the activity of the nuclear extract and nuclei (Table 1) . Activity of nuclei showed a 13~ stimulation while that of nuclear extract could be enhanced up to 2.6 times. Cytosol alone did not show any synthetic activity. The stimulation effect depended on the quantity ofcytosol added (Fig. 7) . Furthermore, when the nuclear extract was preincubated for 10 rain with cytosol in the reaction mixture, but without dNTPs, the stimulation was twice that found with an equal volume of non-preincubated cytosol. Cytosol from uninfected cells failed to stimulate the activity of the nuclear extract (not shown).
DISCUSSION
Different subcellular systems have been devised which replicate viral DNA in vitro. In the case of parvoviruses, isolated nuclei, nuclear extracts and disrupted nuclei from infected cells are able to synthesize viral DNA in vitro, leading to amplification of RFs and/or production of ssDNA. For instance, nuclei isolated from H-1 parvovirus-infected cells have been shown to amplify the RFs (Kollek et aL, 1982) . Muller & Siegl (1983a, b) , using Brij-lysed cells infected with LulII parvovirus, also obtained an RF amplification in vitro and in addition ssDNA synthesis associated with viral encapsidation. Nuclear lysates isolated from bovine parvovirus (BPV)-infected cells generate unit-length ssDNA in the presence of polyamines (Pritchard et al., 1981) . Replicative complexes (RC) solubilized from adeno-associated virus (AAV)-infected cells synthesized virus-specific sequences which were shorter than unit-length (Handa & Carter, 1979) . We describe here several subcellular systems, including a cellular lysate, isolated nuclei and a nuclear extract from KRV-infected cells which continue to synthesize viral DNA in vitro initiated in vivo. Activities of the cellular lysates increased during infection (Fig. 1) . At 16 h postinfection, the infected cellular lysate was five times more active than the uninfected one. Subsequent fractionation of infected cellular lysates usually led to a 30 to 50~ loss of activity. However, the subcellular fractions (cytoplasmic and nuclear extracts and isolated nuclei) were still able to polymerize dNTPs in vitro (Table 1 ) until 120 min (not shown). Nuclear extract activities result from activities of RCs which escaped from nuclei during the hypotonic treatment. Although not very high, the activities found in the nuclear extract could be subjected to a partial purification (Fig. 3) , which provides suitable conditions for further analyses of enzymes and other components involved in viral DNA synthesis.
The DNA products of subcellular fractions from KRV-infected cells were analysed by agarose gel electrophoresis (Fig. 2 and 4) . In all cases, the RFs were labelled, while unit-length viral DNA synthesis was only detected in the incubation mixture of the nuclear extract. The capacity to synthesize RFs and ssDNA was preserved by partial purification of the nuclear extract but much less radioactivity was found associated with the ssDNA band (Fig. 4b, lane 2) . It appears that all components involved in unit-length ssDNA synthesis are present in the nuclear extract, while part of them could have been lost during the purification procedure. They should all be present in the cellular lysate but excess of nucleases may have prevented the detection of ssDNA synthesized in vitro. This is suggested by the S1 nuclease digestion experiment mentioned in the Results section.
Parvoviruses do not possess their own DNA polymerase (Pritchard et al., 1978) . Specific inhibitors of cellular DNA polymerase c~, fl and ~ were used in an attempt to characterize which of them polymerized KRV DNA. in vivo can be deduced from the inhibition curve with aphidicolin ( Fig. 6) , if one assumes that DNA polymerase st is the only target of aphidicolin in vivo (Huberman, 1981) . In the same way, aphidicolin has been shown to inhibit DNA synthesis in vivo of minute virus of mice (MVM) and the conversion of BPV DNA into the parental RF in vivo (Hardt et al., 1983; Robertson et al., 1983 b) . Our results obtained with viral DNA synthesis in isolated nuclei and the nuclear extract from KRV-infected cells are also consistent with a DNA polymerase a-dependent (aphidicolinsensitive) DNA synthesis (Fig. 5) . Moreover, the lack of inhibition of the activity in nuclei by ddTTP renders unlikely the involvement of DNA polymerase fl or y in this process. Since the activity of the nuclear extract was slightly inhibited by ddTTP (by 40~), we quantified the DNA polymerase ~, fl and 7 activities in the fractions corresponding to the bar of the stepwise sucrose gradient shown in Fig. 3 . The three DNA polymerases were detected, DNA polymerase st being ten times more active than DNA polymerase fl and y (data not shown). Thus, DNA polymerase <t is the major active enzyme but we cannot exclude the involvement of any other DNA polymerase in the nuclear extract. In most of the in vitro replication systems derived from autonomous parvovirus-infected cells, a major role of DNA polymerase st has been deduced from experimental data (Pritchard et aL, 1981 ; Faust & Rankin, 1982; Kollek et al., 1982) . In some cases, an additional role ofDNA polymerase ~ has been found (Kollek & Goulian, 1981 ; Kollek et al., 1982; Robertson et al., 1983a) . The situation appears to be different for defective parvoviruses : RCs solubilized from AAV-infected cells co-infected with adenovirus contain mainly a DNA polymerase sensitive to ddTTP (Handa & Carter, 1979) . We show that a cytosoluble factor stimulates the activity of nuclear extracts from KRV-infected cells (Table 1 ; Fig. 7 ). This factor, which we believe to be a protein, was not found in the cytosol of uninfected cells. Thus, it must be either encoded or induced by the virus. As yet, we do not know whether the factor is connected with capsid proteins or non-capsid components. Recently, non-structural proteins have been isolated from parvovirus-infected cells and are being characterized Bloom et al., 1982; Astell et al., 1983; Paradiso, 1983) . The transcript of one of them, the MVM 83K non-structural protein, has recently been mapped in the long open reading frame of the left end of the genome (Cotmore et al., 1983) , but the viral nature of most other parvovirus non-structural proteins has not yet been clearly established. Whatever its viral or cellular origin, the cytosoluble factor, extracted from KRV-infected cells, enhanced significantly the activity of RCs (Table 1 ; Fig. 7 ). The stimulatory effect was much more pronounced when RCs were preincubated with the cytosol at 37 °C prior to addition of dNTPs, suggesting a possible action at the start of the synthesis. RNA primers are probably not required for parvovirus DNA replication . In our subcellular systems, addition of ribonucleoside triphosphates to the reaction mixture did not increase the polymerization by subcellular fractions (not shown). The cytosoluble factor could therefore interact before initiation with either DNA template or DNA polymerase st. The most attractive hypothesis is that a site-specific nickase would be required for the initiation of progeny viral strand synthesis as proposed by Astell et al. 0983) . In other respects, a possible 'rep' function has be~n supposed to account for DNA replication of defective interfering particles or deletion mutants (Laughlin et al., 1979; Rhode, 1982) . We are now testing some of the above-mentioned hypotheses on the origin, nature and role of the cytosoluble factor.
